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ABSTRACT (Maxdmum 20 words)
The carbon humidity element has been used in most U.S. radiosonde flights for the past twenty-five to thirty years. Although it is arguably the best radiosonde humidity sensor in use, the carbon element has physical characteristics that result in significant measurement errors as employed in today's synoptic radiosonde flights. The principal characteristics causing errors are Its requirement to be In temperature equilibrium, its poor time response at low temperatures, and its poor sensitivity at low relative humidities. In this report it is proposed to employ the carbon element in a servo loop designed to control the temperature of the element in such a way as to maintain the measured relative humidity at 33 percent. The temperature of the element will then be used to determine either dew point or the partial pressure due to water vapor. This method will eliminate or significantly reduce the errors arising from the main error sources and from some others as well. 
INTRODUCTION
The carbon humidity element used in the U.S. radiosondes for the past twenty-five to thirty years was developed in the 1950s. Since that time, its manufacturing process has not been tightly controlled because it has usually been procured by a performance specification. Indeed the element in use today exhibits much less hysteresis and is made with a different type of carbon due to environmental considerations. Nevertheless, the general principal of operation is the same. A description of the element and how it responds to humidity is given by Marchgraber.
The carbon type humidity element consists of a humidity-sensitive film which is deposited by a spraying or dipping process on a base plate. The electrical resistivity of the film varies with the humidity of the sensed environment, thus providing an electrical transducer for the measurement of water vapor in the atmosphere.
The electrical resistivity is determined by the distribution of the carbon particles which are in suspension within the humidity-sensitive film. The film, because of its composition, expands with the absorption of water, thus separating the suspended carbon particles and raising the electrical resistivity. Conversely. the carbon particles are brought closer together by the desorption of water vapor and, consequently, the electrical resistivity decreases ... Also from Marchgraber, I comes a note concerning the complex nature of physical processes involved in the response of the device to the atmosphere and the degree to which this response is understood.
The approach toward solving the different problems connected with the carbontype humidity element was largely empirical because of the lack of knowledge about the complex mechanism of water vapor absorption and desorption, the electrical conduction within the film, and the boundary effects between film and plastic base and between film and electrodes.
In this quote, Marchgraber is only referring to the problems in understanding the steady state characteristics of the element in the laboratory. In a later paper Grote and Marchgraber 2 discuss simulating the dynamic behavior of the element. It was found necessary to use a third order response function to adequately define the element's response to a step function of humidity as measured in the laboratory. This was not unexpected and a similar higher order response was noted by Kobayashl, where the response of the "outer surface" and "inside" of the film are discussed.
In radiosonde applications, the carbon element is located in a duct that serves the dual purpose of shielding the element from rain and insolation (Figure 1 ). Since the carbon element responds to relative humidity, knowledge of the air temperature Is necessary to compute any of the absolute measures of humidity... that Is dew point or absolute humidity. In radiosonde applications the air temperature is measured using the thermistor (Figure 1 ). The current shape of the duct was the result of a redesign In the early 70's due to the work of Morrissey and Brousaides, 4 quantifying the magnitude of the temperature-induced errors using the earlier duct. The principal differences between the old and new ducts are an extended curved exit, blackening of the inside walls and a secondary air path beneath the duct. While the redesigned duct reduced the errors due to insolation, it did not eliminate them and didn't treat other temperature effects such as lag. Brousaides and Morrissey, 5 studying the redesigned duct, found the measurements to be in error by about 10 percent of the measured value due to insolation effects above 500 mb. A similar temperature-induced error above 500 mb of about 8 percent of the measured value is due to the thermal lag of the element, Brousaides and Morrissey. 5 and has the same sense as the insolation error. lower. All three of these error producing characteristics can severely affect the measurement accuracy at any altitude, but their combined influence is most often felt at higher altitudes (>4 km). In recent years there has been an increasing requirement for more accurate humidity measurements. These requirements come from satellite applications that require improved humidity data both to calibrate and to validate their systems performance, from new atmospheric models that are sensitive to middle and upper troposphere moisture, and from military applications with the increased emphasis on electro-optical systems. Not only is there an increased need for accuracy in general, but many of new requirements are for increased accuracy at the higher altitudes where the current measurements are most deficient.
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HUMIDITY ELEMENT
ERROR SOURCES
As mentioned earlier, since the carbon element responds to relative humidity, it is necessary to know the air temperature to determine any absolute measure of humidity. More specifically, the surface temperature of the film itself is the defining temperature since heat transfer considerations dictate this to be the same as the air immediately in contact with the surface. There are really three temperatures important to this measurement: 1) the free air temperature, 2) the surface temperature of the film, and 3) the air temperature as measured by the thermistor. Any differences between these temperatures introduce error into the humidity measurement. The magnitude of error from temperature differences between the carbon element and the air is given in Table 1 taken from Brousaides and Morrlssey, 5 where it is broken into components, insolation effect and thermal lag effect. The magnitude of error caused by temperature differences between the thermistor and the air is less than the insolation and lag effects and, during the day, of the opposite sense. For example, at 5 km the temperature of the thermistor would be about 0.3 C above the air temperature. resulting In about a 2 percent error in any absolute humidity calculation. 
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The problem associated with the measurement at low humidities is far from clear. The low sensitivity at low humidity resulted in the data being coded as having a dew point depression of -30 C whenever the element indicated less than 20 percent RH instead of the measured value. 
INCREASING HUMIDITY --------DECREASING
PROPOSED SENSOR
The proposed sensor is not a new element but a new technique for using the currently available carbon element. It is proposed that the resistance of the carbon element be used as the control element of a servo loop designed to maintain the element at a constant humidity by changing the temperature of the element. This is analogous to the way a dew point hygrometer operates: the dewpointer adjusts its surface temperature to maintain 100 percent RI-I. With the carbon element it would be possible to select any RH value but there are excellent reasons to select 33 percent RH. The carbon element has a unique point at 33 percent R-I where its resistance has almost no temperature dependency as shown in Figure 4 . This allows the servo loop to be designed to maintain the resistance of the element constant rather than humidity. Another reason for selecting this point is it is above the area where the element exhibits a diminished sensitivity. A third reason for the selection is that It would require significantly less heating/cooling power than higher humidities. For example, if it were maintained at 100 percent RH like the dew pointer, it would require a 46 C depression at 20 C to measure a 3 percent RH, while selecting 33 percent RH allows us to measure 3 percent RH with a 32 C depression. As can be seen from the calibration curve ( Figure 3 ) the element shows practically no hysteresis at 33 percent RH. Figure 5 shows a block diagram of the proposed system. The resistance of the carbon element will be used to control a Peltier cooler that will be used to heat/cool the carbon element to maintain its resistance constant at its 33 percent RH value. A thermistor will be mounted on the Peltier surface beside the carbon element or may be embedded in or deposited on the substrate. The resistance of this thermistor is then telemetered to the ground instead of the resistance of the carbon element since this is the temperature for 33 percent RH. Initial thermal loading calculations indicate that a simple single-stage Peltier cooler will be sufficient to allow measurement to 3 percent RH and could be powered by the same size battery currently used in the radiosonde. To accomplish this the carbon element would have to be reduced in size to a square 1.5 cm on a side.
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The cost of the sensor should not be more than about $40.00 in experimental quantities exclusive of development costs and should be about $20.00 or less in quantities of 500 or more. The Peltier cooler can be procured for $12.00 in tens of units and $8.00 in 100 or more, a suitable thermistor can be obtained for $5.00, and the electronics, mainly an op amp, will cost no more than $5.00. The cost of the carbon element is difficult to estimate at this time but
should not be an increase of more than $5.00 over the carbon element it is replacing and if ever produced in equivalent numbers should not cost any more. Indeed eventually it might require much less calibration testing since only the value at 33 percent RH would be needed, the other cost would be an additional battery at $5.00. This might not be necessary if the humidity circuit were cut off at some altitude or the current battery were beefed up to provide additional capacity.
EFFECT ON ERROR SOURCES
As pointed out above, the three characteristics of the carbon element that cause most of its sensing problems are: 1) its being an RH instrument requiring knowledge of its surface temperature, 2) its low sensitivity at low RH, and 3) its increasingly long response times at lower temperatures. The proposed sensing technique should significantly reduce the errors caused by all of these.
The first of these is overcome by the measurement of the surface temperature of the element. This result could have been achieved by implanting a thermistor in an element that was not thermally controlled, but then both the thermistor resistance and the carbon element resistance would need to be telemetered and the low RH problem and time response problem would still be there. The low sensitivity at low RH problem will be totally eliminated because the element will never experience low RH values but will be maintained at 33 percent RH at all times. In fact low RH values should be one of the most sensitive areas. If the element can be maintained within 1 percent RH of 33 percent RH, then if the real RH is 5 percent the error in measuring this should be less than 0.5 percent RH. It should be noted that the same effect that causes the high sensitivity at low RH will cause a loss of sensitivity at high RH. If, as above, the element can be kept within I percent RH at 33 percent RH, this would result in a 3 percent RH uncertainty for an ambient of 100 percent RH.
The problem of increasingly long response times at low temperatures should also be eliminated for the most part. First. the fact that it will be part of an active servo loop will allow designing a faster response. In addition, there are physical properties of the sensor that will collaborate with the servo loop to improve the response. A system designed around 33 percent RH only has to maintain a constant carbon element resistance. The fact that the resistance remains constant at all temperatures indicates that the amount of water is invariant with temperature at 33 percent RH. This indicates that even though the RH of the free air changes there is no net mass transfer to the sensor when it goes from one equilibrium state to another. This will allow the servo loop to react to the surface effects mentioned by Kobyashi.' and return the sensor to equilibrium before any significant volume effects occur. Data in Grote and Marchgraber 2 indicate that even at -20 C more than 20 percent of the response to a step function change occurs in less than 1 second.
DISCUSSION
The proposed sensing technique appears to have many benefits. It promises to remove or reduce the impact of all of the sources of error that currently beset the radiosonde humidity measurement taken with the carbon element. The statement referenced earlier, Marchgraber,' stating the need to use an empirical approach to solving problems is still true for development of this technique because we cannot provide an analytical model of the physical transfer processes involved. This is not a severe restriction because there is a great deal of laboratory and flight data on which any empirical approach can depend. Because of the large body of data on the element it is not necessary to perform extensive laboratory development work. It Is suggested the development could undergo both laboratory and flight testing in parallel. The laboratory testing should be designed to optimize the response time of the system and to calibrate the instrument. Getting flight data on the ability of the sensor to respond to low humidities, the amount of battery capacity actually required, and its response to known meteorological conditions, such as thin cirrus decks, warrants initiation of flight testing before all laboratory performance data is complete. As mentioned previously it is anticipated that this instrument would represent an increase in cost of less than $20.00 per instrument in reasonable quantity. For this reason it should be a candidate for use in any of the mesoscale studies using a dense radiosonde network where improved measurements are needed. It should also be used in any other test programs requiring better humidity measurements such as satellite calibrations, intercomparisons with lidar humidity measurements, and radiosonde intercomparisons in general. Indeed if the cost could be brought a little lower it would be a candidate for synoptic soundings.
